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Abstract
Silicon Carbide (SiC) has become a subject of recent research due to its potential
capability of creating high power and high frequency devices that operate at elevated
temperatures. As the industry is driving towards power semiconductor devices, for
which SiC is an excellent candidate, there is a necessity to provide thin high quality
thermal gate oxides in these devices to limit threshold voltages to low values and
provide oxide interfaces with low interface trap and oxide charge densities. Key
applications such as the 'all electric car' and HDTV transmitters are part of the
driving factors for companies to invest in SiC power semiconductor devices. Since
these devices are expected to operate at high temperatures, the reliability of the
gate dielectric is one of the most important concerns.
In this thesis, the effect of the carrier gas on the oxidation rates of 6H-Silicon
Carbide in a wet oxidation process has been studied using oxygen and argon as the
carrier gases. A modified Deal-Grove model has been developed to account for the
increased oxidation rate in the initial thin oxide growth phase when oxygen is used
as the carrier gas. X-Ray Photoelectron Spectroscopy has been used to study the
dependence of the oxidation kinetics of 6H-SiC on the carrier gas. The XPS analyses
strongly suggest a basic difference in the mechanism of oxidation when oxygen and
argon are used as the carrier gases.
Electrical C-V and Breakdown measurements have also been carried out on MOS
capacitors fabricated on these oxides with aluminum as the gate metal. The ex-
tracted fixed charge is found to be higher when argon is used as the carrier gas as
compared to when oxygen is used. These oxides have breakdown fields of 8.5 MV/ em
and also exhibit Fowler-Nordheim tunneling before catastrophic breakdown.
1
Chapter 1
Introduction
1.1 Historical Review
One of the thrust areas in the semiconductor industry is the search for semiconductor
materials for power device applications. Silicon Carbide (SiC) is rapidly maturing
to be a leading contender for these applications. The large SiC bonding energy
makes SiC resistant to chemical attack and radiation, and ensures its stability at
high temperatures. In addition, SiC has a large avalanche breakdown field, excellent
thermal conductivity and a high electron saturation velocity all of which make it
ideal for high power and high temperature operation.
SiC is the most prominent of a family of close packed materials that exhibit a one-
dimensional polymorphism called polytypism. The SiC polytype.s are differentiated'
by the ~tacking sequence of the tetrahedrally bonded Si-C bilayers, such that the
individual bonding lengths and local atomic environments are identical, while the
overall symmetry of the crystal is determined by the stacking periodicity. Each SiC
bilayer, while maintaining the tetrahedral bonding scheme of the crystal, can ·be
situated in one of three possible positions with respect to the lattice. Based upon
these locations there exist three polytypes in SiC. They are the 6H, 4H and the 3C
polytypes. The different polytypes have widely ranging physical properties. 3C SiC
has the highest electron mobility and saturation velocity because of reduced phonon
scattering resulting from a higher symmetry. The bandgaps differ widely among the
polytypes ranging from 2.3 eV for 3C SiC to 3.0 eV in 6H SiC. Among these 6H is
the most easily prepared and best studied, while the 3C and 4H are attracting more
attention due to their superior electronic properties.
2
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Property Si I GaAs I 6H-SiC (3C SiC) I
Bandgap (eV) at 300K 1.12 1.4 3.0 (2.3)
Maximum operating temperature (K) 600 760 1580 (1200)
Physical stability Good Fair Excellent
Electron mobility RT,cm2 /Vs 1400 8500 600 (1000)
Hole Mobility RT,cm""/Vs 600 400 40
Breakdown Field (Eb),MV /cm 0.3 0.4 4
Thermal conductivity (CT ),W/cm 1.5 0.5 5
Saturation drift velocity (V,at), 107cm/s 1 2 2
Dielectric constant,k, 11.8 12.8 9.7
I Intrinsic carrier concentration,ni(cm-3) 11.4x1010 11.8x106 I 10 7
Table 1.1: Comparison of important semiconductor properties for high-temperature
electronics.
A compa~ison of important semiconductor properties· has been summarised in
Table 1.1. It can be clearly seen that SiC holds much more promise in the area of
high power and high temperature electronics over Si and GaAs.
One major advantage that SiC enjoys over other wide band gap semiconductors
is an established, commercialized process for the growth of high quality substrate
material. The sublimation growth technique [1] is presently used by Cree Research
for the growth of commercial substrates and by Northrop-Grumman for defense
applications respectively, in the form of 1 and 1 3/16 inch diameter wafers. In
sublimation growth, SiC is transported in the vapor phase to a SiC seed crystal held
at a lower temperature. Typical growth parameters are 1800 °C for the seed crystal
compared with a source temperature in the .2000 °C range. A thermal gradient of
20 K/cm across the growing crystal results in a growth rate of 0.7 mm/hr.
A fundamental obstacle in the development of wide bandgap semiconductor pro-
cess technology has been finding suitable shallow dopants. Fortunately ambipolar
doping in SiC was achieved very quickly allowing workers to focus more on device
research. Nitrogen is the most popular n-type dopant, whereas, both Aluminum and
3
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OHAPTER 3. THEORY OF THERMAL OXIDATION
From the experimental values of thickness X o as a function of time t, d~o can be
determined and plotted as a function of X o' The slope of this curve will give k~
and the intercept at Xo = 0 will be equal to :L' Another way of determining the
rate constants is to write Equation (3.16) as,
X
o
= B(t + r) _ A
Xo
where r is determined by extrapolating the Xo versus t graph to Xo = O. By plotting
experimental values of Xo as a function of (t +r), B and A can be determined.Xo
3.4 Comparison of Experimental Results with
the Theory
The linear parabolic law of Deal and Grove explains satisfactorily the results ob-
tained in the following cases for the oxidation of silicon,
a) In the case of wet oxidation for all thicknesses.
b) In the case of dry oxidation for thicknesses above 20-30 nm (for smaller
thicknesses, this growth mode is preceded by faster kinetics).
Hence for practical purposes and to a first approximation, we can use the results
given by the theory of Deal and Grove.
3.5 Growth Kinetics of Thin Oxide Films in Dry
Oxygen
As explained earlier, while the Deal-Grove theory accounts for wet oxidations at all
thicknesses, it cannot accurately model dry oxidations for thicknesses below 20-30
nm. Considering the experimental data, available today, pertaining to dry growth
of Si02 and the difficulty in ensuring that the early stages of dry growth are really
22
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dry, it is difficult to reach conclusions on the growth kinetics of thin films. However,
the growth rate of thin films is consistently greater than that of thick films. There
have been various theories that have been formulated to explain the higher initial
dry oxidation rates observed in silicon.
Deal and Grove suggested the transport of the oxidizing species is faster for
thinner films because of the presence of a larger electric field[7]. Revesz[15] proposed
oxygen diffuses faster in channels when films are thin. These channels form as the
oxide begins to grow. As the oxide thickens, the channels become increasingly
distorted and the oxidation decreases. The above two models are not satisfactory.
It is found experimentally that after the early stages, growth becomes linear (i.e
limited by the rate of reaction at the interface) [16]. This has been explained by
assuming that the reaction rate kr is higher for thinner films than for thicker films.
This hypothesis serves to explain the observed difference in growth rates.
Hopper et al. [17]observed below 30 nm the slope of d~ is approximately twice
what it is above 30 nm. To interpret this observation, they assumed the oxida-
tion proceeds by two parallel paths. One of them has a parabolic coefficient that
contributes only when the oxide films are thin. Fargeix et al. and Tiller[18, 19]
attributed the slowing down of the oxidation rates as due to a blocking layer in the
oxide, a few hundred A thick near the interface through which diffusion is slowed
down. As can be seen a lot of theoretical models have been proposed over the years.
So far none of these models have been able to explain all the experimental results
obtained. To date a good model of growth kinetics when the oxide is thin (Xo < 30
nm) has not yet been devised. As devices are being scaled down constantly and
the demand for thin gate oxides to help achieve low threshold voltages and control
voltages, it is becoming increasingly important to understand thin oxide growth
and consistently fabricate thin oxides with good interface characteristics to ensure
interface trap densities in the low 1011 cm-2eV-1 and fixed charge densities in the
low 1011 cm-2eV-1 ranges respectively.
23
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3.6 SiC oxidation
SiC is perhaps the only semiconductor other than silicon for which a stable thermal
oxide may be grown. The present development of these oxides is still in its infancy,
although becoming a rather lively area of research of late. The advantages of 6H-
SiC over silicon for reducing the on-resistance of power MOSFETS has been well
documented in the literature[13]. Minimizing the interface states and fixed charge
in the dielectric is essential for the successful operations of these MOSFETS. In all
of the studies done so far, oxides grown on n-type 6H-SiC have excellent dielectric
properties with interface state densities as low as 5 x 1010 cm-2eV-1 and fixed
oxide charge of about 1 x 1011 cm-2 whereas oxides on p-type 6H-SiC have very
high fixed charge around 8 x 1012 cm-2 and interface trap densities an order of
magnitude higher than n-type 6H-SiC[9]. Baliga et al.[20] have been able to grow
good quality gate oxides on p-type 6H-SiC using RPCVD techniques. Cooper et
al.[14] have developed some good recipes for growing high quality gate oxides on
6H-SiC in which the formation of graphitic carbon at the surface of SiC is avoided
by introducing the samples into the furnace in an oxygen ambient and ramping up
the furnace temperature slowly before the oxidation.
Although several studies have been done on the oxidation of p-type 6H-SiC,
very little research has been performed on growth of thin oxides on p-type 6H-SiC.
As the trend in the semiconductor industry is towards lower gate control voltages
that minimise the field across the gate insulator and smaller device geometries, it is
necessary to grow high quality thin gate oxides in order to achieve smaller threshold
voltages in these devices and also to accomplish low effective charge densities in
these oxides. This thesis focuses on the first step to develop techniques for thin
oxide growth on 6H-SiC to fabricate power devices with high switching speeds and
low control voltages for operation.
24
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Chapter 4
Experiments
4.1 Experiments on SiC oxidation
In the case of silicon the carrier gas has little or no effect on the wet oxidation
rates[7]. In this thesis wet oxidation of 6H-SiC has been carried out at 1150 DC for
a variety of times at atmospheric pressure with two different carrier gases, namely
oxygen and argon, to observe the effect of carrier gas on the oxidation rates. The
5mm x 5mm SiC substrates are 6H-SiC n/n+ and p/p+ substrate material with an
epitaxial doping of 4 x 1016/cm3 . The sample~ are given a standard RCA clean and
a dilute HF dip immediately prior to loading inside the oxidation furnace. Since
SiC is translucent, standard ellipsometry methods cannot be employed for thickness
measurements. Instead, the oxidized wafers were selectively etched with a grid mask
to form a stepped oxide pattern. The oxide thicknesses is determined subsequently
with Atomic Force Microscopy (AFM) technique. The experimental results are
summarized in Figure (4.1).
Figure (4.1) clearly shows the marked difference in the experiments with the two
carrier gases. The oxidation rates of 6H-SiC are much higher in the initial phases
of oxidation when oxygen is used as the carrier gas as compared to when argon is
used as the carrier gas. This is a rather surprising result since this is not the case
with silicon. The higher oxidation rates observed with oxygen as the carrier gas
cannot be attributed to the excess oxygen present due to two reasons. The primary
reason is that, if the excess oxygen were the cause, then there should be an observed
dependence in silicon oxidation as well. Experiments, conducted in our lab, do not
show any increase in oxidation rates for silicon when oxygen is used as the carrier gas
instead of argon. Secondly, dry oxidation of 6H-SiC is a very slow process compared
25
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with wet oxidation and cannot explain such a huge increase in thickness of the
oxide grown. Since in silicon wet oxidation follows Deal-Grove kinetics for all oxide
thicknesses[16], we have attempted to use the Deal-Grove model to fit the observed
time dependence of oxide growth. We find the Deal-Grove model fits the case when
argon is used as the carrier gas but is insufficient in describing the initial oxidation
phase when oxygen is used as the carrier gas. Therefore, the experiments suggest a
different oxidation process when oxygen is used as the carrier gas as compared to
when argon is used. In this thesis an alternate mechanism of oxidation is proposed
to explain the excess oxidation in the initial phase when oxygen is used as the carrier
gas.
1000 r-------,------.---------"T-----...,
oxygen +
argon X
800
-
600
t::Tl n-type
l=l
+.I'd
-
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><: 400
200
100 200.
t (mln) 300 400
Figure 4.1: Oxidation of 6H-SiC at 1150 °C
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4.1.1 A Modified Deal-Grove model
A possible explanation for the higher oxidation rates with oxygen as the carrier gas
is the availability of oxygen to remove carbon from the SiC lattice. We propose
oxygen diffuses through the oxide, reacts with the carbon and removes it from
the lattice, whereas, the inert gas argon is not able to perform the same function.
This process creates channels for the hydroxyl ions (the oxidation species in a wet
oxidation process) to initiate oxidation at the surface and in a small volume beneath
the surface. As the hydroxyl ions come in contact with an increased supply of silicon
atoms the oxidation rate is higher in the early phases as compared to the case where
argon is used. As the oxidation time increases, the rate of oxidation when oxygen
is used as the carrier gas, approaches the argon case of 1.2..4. /min after a time of
approximately 150 minutes. This is expected since as the thickness of the oxide
grown increases the ability of oxygen to diffuse to the interface decreases. Thus, the
oxygen becomes progressively less effective in removing carbon from the SiC lattice
and the oxidation rate decreases and approaches the argon case.
To model the case of oxidation with an oxygen carrier gas an extra term is
added to the flux at the oxide-SiC interface (F3 ) in the original Deal-Grove model
to describe the oxidation process in the bulk of SiC[21]. This extra term is modeled
as a decaying exponential function of the oxide thickness. So the modified set of
fluxes required to describe the oxidation of SiC are as follows:
F1 H(C· - Cs) (4.1)
F2 D(Cs - Ci) (4.2)Xo
F3 = (kl/ + kb exp(-Xo/ L)) *Ci (4.3)
where H is Henry's constant, C· is the equilibrium solubility limit of the oxidizing
species in the oxide and Cs is the concentration of the oxidant in the oxide, D is the
diffusion coefficient, Ci is the concentration of the oxidizing species at the oxide-SiC
interface, Xo is the thickness of the oxide present, k, is the surface reaction rate
27
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constant for oxidation, kb is the bulk reaction rate constant for oxidation with an
exponential decay with the thickness of the oxide grown and L is a characteristic
oxide thickness.
At steady state the three fluxes must be equal.
(4.4)
Solving the above relation for Cs and C· we find,
(4.5)
(4.6)
where P = klJ + kbexp(- Xo / L). Therefore, the flux F is given by,
C·
F = 1 X
o
1(H+n+ p)
(4.7)
(4.8)
(4.9)
C·
dXo Ni
dt - 1 Xo 1
H+n+ P
and the integral form of this equation becomes,
We also know the rate of oxide growth is given by,
dXo F
dt Ni
where-Ni is the number of oxidizing species required to form a unit volume of oxide.
Combining equations (4.7) and (4.8) we find the first order differential equation for
the rate of oxide growth,
l Xo 1 X o 1 C·lt(H + -n + P )dXo = N.. dtXo(O) , 0
Integrating out equation (4.10) we have,
(4.10)
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In equation (4.11) the first two terms are in the original Deal-Grove model and the
extra third term models the rapid oxide growth in the early stages of oxidation.
If we account for the initial thickness with an additional time T, then we can
write the final oxidation equation as,
2 2DL ktl +kb exp(-Xo/ L)
Xo +AXo+~ In[ ktl +kbexp( -Xo(O)/L)] = B(t +T) (4.12)
1 1 2DC· Ni 2 1 1
where A = 2D( H + k
tl )' B = T and T = 2DC. [Xo(O) +2DXo(0)( H + ktl )].
Differentiating equation(4.12) we obtain,
dt 2Xo A 2Dkb
dXo = B + B - Bktl[ktlexp(Xo/L) + kb] (4.13)
Since all the experiments have been performed in the linear regime, we can neglect
contributions to the slope from the parabolic term. Hence, we have
dt A 2Dkb
dXo - B - Bktl[ktlexp(Xo/L) + kb] (4.14)
Equation (4.13) describes oxide growth where oxygen is used as the carrier gas.
A very good fit has been obtained to the experimental values for the oxygen carrier
gas case. Figure (4.2) shows both the experimental data and the theoretical fit. The
argon curve has been modeled with the original Deal-Grove model. The value of
B /A obtained from the argon carrier gas case has been used for the oxygen carrier
gas case to model the growth.
A theoretical model has been presented along with a possible reaction mechanism
to explain the higher growth rates of silicon dioxide on 6H-SiC when oxygen is used
as the carrier gas as compared to when argon is used. The model also fits the
observed experimental data very well. This additional growth term decays with the
thickness of the oxide grown and after a time of about 150 minutes a linear growth
rate of 2.211 per minute is observed for wet oxidation of 6H-SiC in the case of both
carner gases.
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Figure 4.2: Theoretical fit to the oxidation curves of 6H-SiC at 1150°C
4.2 X-ray Photoelectron Spectroscopy Studies
4.2.1 Basic Theory of XPS Analysis
XPS in principle is the application of energy analysis to electrons emitted from
the atomic core level of atoms by X-rays. The XPS as is used today on surfaces
illuminated with X-rays is a direct result of pioneering work done by Siegbahn and
his group at Uppsala University in Sweden[22].
The physical basis of the XPS technique is shown in Figure (4.3)[23, 24]. In the
Figure (4.3) Eb represents the binding energy of the electron to the core level (in
this case the 2p(3/2)), ¢ is the work function of the element and v is the frequency
of the emitted electron.
30
CHAPTER 4. EXPERIMENTS
• Eklnetlc '" hv- <P -Eb
48
3d
3p
38
3/2
• 02P1/2 •
28 • •
18
• •
Figure 4.3: Basic Model for the XPS technique
The energy carried by an incoming X-ray photon is absorbed by the target
atom, raising it into an excited state from which it relaxes by the emission of a
photoelectron. Photoelectrons are emitted from all energy levels of the target atom
and hence the electron energy spectrum is characteristic of the emitting atom type
and may be thought of as its XPS "fingerprint". Lines in the spectrum are labelled
according to the energy level from which they originated. The energy scale may be
labeled as the binding energy of the level or in terms of the kinetic energy of the
emitted electrons. By varying the angle at which the X-rays hit the surface of the
sample, we can probe into different depths below the surface and from the electron
energy spectrum obtained we can establish the composition of the material as a
function of depth. A study of the concentration profiles as a function of depth into
oxides formed on the 6H-SiC surfaces provides an understanding of the oxidation
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process on 6H-SiC.
4.2.2 Experiments and Results
6H-SiC p-type samples are RCA cleaned and a depth profile of silicon, carbon and
oxygen performed with the XPS technique. A survey curve is obtained to determine
the various elements present on the surface. This analysis on the bare SiC samples
helps to establish a reference curve for further data obtained on processed samples.
After the calibration curve is established, oxidation is performed on the p-type
samples at 1150°C for 10 minutes at atmospheric pressure. Two of the samples
have been oxidized with oxygen as the carrier gas and two with argon as the carrier
gas. Figure (4.4) shows the concentration profiles as a function of depth into the
SiC surface which has been RCA cleaned. In this figure the Take-Off angle is the
angle between the incident X-ray beam and the surface of the samples. So for a
Take-Off angle of zero degrees, the beam is at grazing incidence. As the Take-Off
angle increases, the beam probes deeper into the sample.
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Figure 4.4: Depth profile of the RCA cleaned p-type 6H-SiC sample
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Figure 4.5: Depth profile of the oxidized p-type 6H-SiC sample(argon carrier gas).
The silicon:carbon ratio is 1:1 for this case and is an indication of excess carbon left
behind in the SiC lattice.
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Figure 4.6: Depth profile of the oxidized p-type 6H-SiC sample (oxygen carrier gas).
The removal of carbon from the SiC lattice by the excess oxygen is apparent in the
ratio of silicon:carbon which is 3:1
From Figure (4.4) we observe the main elements present are carbon, silicon and
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oxygen. There is a large amount of carbon build up at the surface of the 6H-SiC
samples. This profiling serves as a calibration standard for the processed samples.
Figures (4.5) and (4.6) show the concentration profiles as a function of depth
into the oxide after the samples have been oxidized for the oxygen and argon carrier
gas cases, respectively. We observe in the case of both argon and oxygen carrier
gases the silicon:oxygen ratio is 1:2 indicating stoichiometric silicon dioxide. Also
the silicon:carbon ratios are 1:1 and 3:1 in the argon and oxygen carrier gas cases
respectively indicating much higher amounts of carbon in the oxide in the case of
argon carrier as compared to the oxygen carrier case. This is to be expected based
on the proposed mechanism of oxidation. Since oxygen is capable of removing the
carbon from the SiC lattice more effectively than argon, less carbon will be left
behind in the oxide and the lattice. Also, since oxygen removes the carbon from the
interface, it is reasonable to expect oxides of better quality when oxygen instead of
argon is used as the carrier gas. To see if this is really the case, electrical capacitance
measurements have been performed on p-type 6H-SiC MOS capacitors fabricated
with these oxides.
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4.3 Capacitance Measurements
SiC power devices, as we have discussed in the introduction, have much to offer over
their silicon counterparts. The fabrication of SiC power devices require electrical
measurements to understand the oxide-SiC interface and the oxide quality on these
devices. The SiC power devices are n-channel devices because hole mobilities are
too low and lead to high on-resistances in these devices. Thus, in this thesis, all
the electrical measurements were performed on MOS capacitors fabricated on p/p+
substrates of 6H-SiC.
The metal-oxide-serniconductor (MOS) capacitor is a useful test structure to
characterize devices. It is very simple to fabricate when compared with MOSFETs
and device parameters may be extracted which are useful for MOSFET transistor
development. The C-V measurement is a common measurement to be performed on
the MOS structure. With the help of the C-V measurements we can obtain device
parameters like oxide thickness, doping profile, threshold voltage, oxide charge and
interface trap densities.
To perform a C-V measurement, the semiconductor bulk is grounded while an
AC signal of very small amplitude is superimposed on a slowly ramped DC voltage
applied to the gate[25, 26]. The small AC signal causes the gate charge to fluctuate
resulting in fluctuations of semiconductor charge around an equilibrium value to
preserve charge neutrality. These fluctuations give rise to a differential capacitance
between the gate and the substrate. Depending upon the DC bias value the semi-
conductor will be in one of four distinct regions: namely, accumulation, depletion,
inversion or deep-depletion. In order to examine these four regions it is helpful to
define a term called the surface potential in the semiconductor. To maintain con-
sistency all potentials in the semiconductor will be referenced to the intrinsic Fermi
level in the bulk.
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Figure 4.7: Energy band diagram of the MOS structure to illustrate the concept of
surface potential
Defining x=o at the oxide-semiconductor interface, the potential at any distance
x into the semiconductor is defined as
(4.15)
(4.16)
where Eib is the intrinsic Fermi level in the semiconductor bulk and Ei(X) is the
intrinsic Fermi level at a distance x from the interface. The surface potential is
defined as the potential at x=o. This is shown in figure (4.7)
¢IJ = (Eib - EilJ)
q
where EilJ is the intrinsic Fermi level at the surface and ¢(:z:) is positive when the
bands bend d~wn. EvAC is the vacuum energy level.
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4.3.1 Accumulation Region
When a negative DC bias voltage is applied to the gate, holes (majority carriers)
are attracted to the surface to balance the negative charge on the gate. The surface
is said to be accumulated when the surface potential condition -(Eg/2q - <PF) ~
<P6 ~ 0 is satisfied where <PF is the Fermi potential and Eg is the energy-gap of the
semiconductor. The Fermi potential is also referenced to the intrinsic energy in the
bulk
<PF = Eib - EF = kT In(NB) (4.17)
q q ni
where NB is the bulk doping density and ni the intrinsic carrier concentration. There
is no change in the Fermi potential in an MOS structure when thermal equilibrium is
established in the measurements of accumulation region. All the electric field lines in
this structure originate from the accumulation layer at the interface and terminate
on the gate. Assuming negligible series resistance, the capacitance between the gate
and the substrate in accumulation is simply the oxide capacitance whose area is
equal to the area of the gate electrode neglecting edge effects for a large area gate.
The measured capacitance is simply the oxide capacitance, Cox' The capacitance
for a parallel plate capacitor is
(4.18)
where Xo is the dielectric thickness, Kox is the relative dielectric constant, and Eo is
the permittivity of free space.
A special condition known as Hatband arises when the intrinsic bulk energy
equals the intrinsic surface energy (<P6 = 0). For an ideal MOS structure this
condition is established when the gate bias is zero volts.
4.3.2 Depletion Region
As the gate bias increases and tends to go positive the holes experience an electric
field to propel them towards the substrate contact thereby depleting the surface of
holes. This 'depletion' width increases as more holes are repelled from the surface.
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Depletion occurs when the condition 0 :::; <P1l :::; <PF holds. When this condition oc-
curs, the insulating depletion region causes the effective parallel capacitor plates to
move further apart and the overall capacitance consists of oxide and semiconduc-
tor capacitance ( ell) connected in series. A reduction in measured capacitance is
observed as the depletion region widens.
4.3.3 Inversion Region
A surface potential of <PF :::; <P1l :::; (Eg /2q + <PF) results in an abundance of electrons
(minority carriers) at the semiconductor surface since the surface potential is below
the Fermi potential in the semiconductor. The surface is said to be inverted due to
the high minority carrier concentration. When the gate voltage establishes a surface
potential of <P1l = 2<PF the surface is as concentrated with electrons as the bulk is
with holes. The gate voltage that achieves this condition is known as the threshold
voltage,VT, and marks the onset of 'strong' inversion. The threshold voltage is
generally a good reference point for sufficient channel conduction in MOSFETs.
In very strong inversion as <P1l approaches Eg /2q+<pF, a parallel plate capacitor
exists similar to accumulation between the positive gate charge and the inversion
layer of negative surface charge separated by the gate dielectric. The measured
capacitance approaches the oxide capacitance, GOrD ' In traversing between the limits
of strong accumulation and strong inversion the total band bending is equal to Eg ,
the bandgap of the semiconductor.
4.3.4 Deep-Depletion
In a two terminal MOS capacitor test structure there are no external minority car-
rier sources. If the minority carrier generation rate is very low, then to balance the
charge on the gate, then the depletion region keeps on widening with increase in
the gate bias to increase the semiconductor charge. As the depletion region widens,
the semiconductor depletion capacitance decreases. Since the semiconductor capac-
itance and the oxide capacitance are in series the measured capacitance between the
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gate and the substrate keeps on decreasing in the "inversion" region. This effect is .
called deep-depletion.
In a capacitor structure, the lack of source/drain minority carrier regions can
make it difficult for surface inversion to occur and establish an equilibrium condition.
Minority carrier generation by thermal excitation is extremely difficult at room
temperature in wide band-gap semiconductors such as SiC. Therefore, it is often
desirable to generate excess minority carriers by illuminating the device or using an
n+ junction, as a source of minority carriers, underneath the gate (i.e a gated diode
structure) .
In the low frequency case we assume the AC measurement signal is at a suffi-
ciently low frequency (LF) so the generation-recombination of electrons have time
to respond to the small signal voltage fluctuations. At higher frequencies (HF), the
inversion layer can no longer respond to the quickly changing charge variations and
the C-V curve will not rise back to Co:&'
An ideal theoretical SiC C-V curve has been plotted in Figure (4.8).
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Figure 4.8: Ideal SiC CV curves for low and high frequencies
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APPENDIX A. SEMICAD:DEVICE SIMULATOR
A.3.4 dmosfet.run
1*
* ~------------------------------------------------------------------------
* file : dmosfet.run
* purpose : simulate the Id-Vds characteristics of the DMOS for
* Vgs = 10 Volts. Vds = 0.. 8 Volts. Drift layer d.(10 .. 100)
* date : 02/26/97
* -------------------------------------------------------------------------
*1#include "dmost.dev"
MainO
1* Open a file into which all simulation results necessary will be put *1
ShowProgress = "true";
outfile = "dmos.dat";
rewrite(outfile);
*****************************************************************************1* Loop for varying the drift layer thickness *1
for (d=10;d<=100;d+=10){
d1=d+0.6;
d2=d+1.0;
1* Reconfiguring the device structure evry time the drift layer thickness *1
1* is changed *1
mosfet .dnminus. coordinates={{0.dh{12.d}.{12.H .{6.H.
{6.0}.{0.0}};
mosfet.dpplus.coordinates={{0.d2}.{12.d2}.{12.d}.{0.d}};
mosfet.DrainMetal.coordinates={{0.d2}.{0.d2+0.2}.{12.d2+0.2}.
{12.d2}};
mosfet.drain.coordinates={{0.d2}.{12.d2}}j
******************************************************************************
1* Setting,,)lp initial biases for the DMOSFET device *1
mosfet.gat~.bi~s=O.Oj
mosfet.dra~n.b~as=O.Oj
mosfet.subs.bias=O.Oj
mosfet.source.bias=O.Oj
******************************************************************************
1* obtaining initial convergence by solving the poisson condition in device *1
id = mosfet.drain.currentj
fetsave = mosfetj
******************************************************************************
1* Loop to raise up gate voltage to 10 Volts in steps of 0.26 Volts for *1
1* smoother convergence *1
for (vgs=10.0j vgs<=10.0j vgs+=1)
{
mosfet = fetsavej
vgs_old = mosfet.gate.biasj
for (v=vgs_oldj v<=vgs; v=v+0.26) 1* adjusting Vgs *1
{
mosfet.gate.bias = Vj
id = mosfet.drain.currentj
}
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tetsave = mostetj
1****************************************************************************1
1* Ramp up the drain voltage in steps ot 0.6 Volts and ~rite the voltages *1
1* and currents and drift layer thickness onto the tile *1
tor (vds=Oj vds<=8j vds+=0.6) 1* s~eeping Vds *1
{
mostet.drain.bias = vdsj
id =mostet.drain.currentj
nprint£(outtile,IIYet YeS.3t Yea.3t Ye12.3e\nll ,d,vgs
,vds,id)j
1****************************************************************************1
.
1* It drain voltage =3.0 volts save the simulation to a tile that can be *1
1* used to see potential, tield and carrier distributions in the device *1
it (vds==3 .0) save (llmostet .obj .1 11 ,blostet) j
}
}
}
}
print£(IIExecution Time Yeg (sec)\nll , ExecTime)j
The simulation file specified above simulates I-V characteristics for the DMOS-
FET at a gate bias of 10 Volts, for drain voltages ranging from 0 to 8 Volts for
various drift region thickness from 10 microns to 100 microns. The code is self-
explanatory with a few syntaxes that need to be learned about the way device
objects are addressed in SEMICAD.
A.4 Viewing of Simulation Results
A.4.1 FLEXVISION
FLEXVISION is a SIM-C application which provides an interactive graphical user
interface for visualising and plotting data. The visualizer permits rapid visualization
of data from the simulation. There are also built in templates in FLEXVISION
that allow plotting of potentials, carrier concentrations electric fields and so on in
the device. In this section some of the results from the simulation are shown for
illustration purposes on how to use FLEXVISION.
A very useful capability of the FLEXVISION package is that it allows saving
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of two dimensional plots in a postscript format which can be later imported into
LaTeX documents. Also, FLEXVISION allows the user to look at slices of 2D plots
thereby creating 1D plots along any direction in the 2D plane.
As seen in the simulation code, the device simulation results are stored in the
file "mosfet.obj.1" under the conditions of Vds = 3 Volts, Vgs = 10 Volts for a drift
layer thickness of 10 microns.
A.4.2 Doping, Potential and Current Density Profiles in
the DMOSFET
A plot of the doping and potential profiles in the device can be obtained by using
the following commands:
1) Doping profile: flexyision -tmpl dope.tmpl -data "Dataset I" dey
mosfet.obj.1
2) Potential profile: flexyision -tmpl psi.tmpl -data "Dataset I" dey
mosfet.obj.1
The user can also make his/her plots within the FLEXVISION framework. The
potential contour plot and current density plot for the bias condition specified are
shown in Figures (A.2) and (A.3). In conclusion, FLEXVISION is a very power-
ful visualizer for simulation results from SEMICAD and serves to get meaningful
insights into the operation of various semiconductor devices.
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Drain
Figure A.l: DMOSFET Layout
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